There is inconsistent evidence that increasing birth order may be associated with risk of non-Hodgkin lymphoma (NHL). The authors examined the association between birth order and related variables and NHL risk in a pooled analysis of 13,535 cases and 16,427 controls from 18 case-control studies within the International Lymphoma Epidemiology Consortium (InterLymph). Overall, the authors found no significant association between increasing birth order and risk of NHL (P-trend ¼ 0.082) and significant heterogeneity. However, a significant association was present for a number of B-and T-cell NHL subtypes. There was considerable variation in the study-specific risks which was partly explained by study design and participant characteristics. In particular, a significant positive association was present in population-based studies, which had lower response rates in cases and controls, but not in hospital-based studies. A significant positive association was present in highersocioeconomic-status (SES) participants only. Results were very similar for the related variable of sibship size. The known correlation of high birth order with low SES suggests that selection bias related to SES may be responsible for the association between birth order and NHL.
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Non-Hodgkin lymphoma (NHL) is a common cancer in industrialized nations, and incidence has increased dramatically over the last 50 years (1). Lymphomas arise from cells of the human immune system, which is known to be critically shaped by early-life environmental exposures, including infections. Infection very early in life may fundamentally alter immune function and in this way may influence lymphoma risk (1). Increasing birth order has been widely studied as a proxy for increased likelihood of earlylife exposure to infection and as a risk factor for lymphoma. Although an inverse relation between increasing birth order and risk of Hodgkin lymphoma has been reported in most case-control (2) and cohort (3) studies, results from studies of NHL have been inconsistent. Recently, investigators in several case-control studies reported a positive relation between increasing birth order and risk of NHL (4-7), but others have found no association (8) (9) (10) (11) (12) . In addition, researchers in other case-control studies have reported that NHL risk increases with sibship size (13) , while others have reported no association (8, 11, 14) . In no studies have investigators reported a significant inverse association. Thus, there are inconsistent data from case-control studies that increasing birth order may be associated with increasing NHL risk (15) . Until recently, cohort studies have been too small to provide informative data on the association between birth order and NHL incidence. In 2006, in a large-scale population-based Swedish cohort study of over 7,000 cases of incident NHL, Altieri et al. (3) reported no association between NHL and birth order (P-trend ¼ 0.464). However, this was a study of predominantly young persons, with a mean age of NHL occurrence of 40 years (3).
Recently, it has been hypothesized that selection bias may explain the inconsistency in the results of case-control studies of birth order and NHL risk (11) . To further investigate the association between birth order and related variables indicative of childhood crowding and NHL risk, we conducted a pooled analysis of case-control studies from the International Lymphoma Epidemiology Consortium (InterLymph).
MATERIALS AND METHODS
We performed a pooled analysis of data from 18 casecontrol studies included in InterLymph (www.epi.grants. cancer.gov/InterLymph). Participating studies (Table 1) met the following eligibility criteria: cases diagnosed with incident, histologically confirmed NHL as adults (ages 16-96 years); collection of data on birth order or sibship size; and the availability of an electronic data set in March 2007. Organ transplant recipients and persons with human immunodeficiency virus infection were excluded. Because of variations in study design among the 6 EpiLymph study centers (Table 1) , we treated this study statistically as 6 separate studies, to allow for assessment of center-specific effects and heterogeneity.
Exposure assessment
Investigators in all studies collected self-reported data on birth order and/or sibship size. Age differences with the nearest older and younger siblings were collected in 10 and 9 studies, respectively. For the birth-order analyses, the referent category was firstborn children, including only children. Analyses were also performed after separating only children from the referent category. Because results were very similar, they are not presented here (data not shown). Socioeconomic status (SES) groups in each study were based on the tertile distribution of years of education (11 studies) or area-based deprivation levels obtained from census data (11) (2 studies) in the controls within each individual study.
Statistical methods
Odds ratios and 95% confidence intervals were computed from unconditional logistic regression models, using a 2-stage random-effects model to estimate relative risk (hereafter called ''risk'') of NHL and a joint fixed-effects model to estimate risk by NHL subtype (16) . All World Health Organization classification (17) subtypes of NHL except multiple myeloma were included in the analysis, as recommended for epidemiologic analyses (18) . Results in all models were adjusted for the matching variables age, sex, and region/study center. Tests for a linear trend in odds ratios were performed using a generalized leastsquares trend estimation procedure that assumed a linear relation in exposure for increasing birth order and sibship size (19) .
Heterogeneity among study centers was assessed using Cochran's Q statistic and the I 2 statistic (20) . In the presence of significant heterogeneity (P < 0.10), forest plots were used to identify outlying studies, and sensitivity analyses were performed with and without the outlying studies; no individual study was consistently identified as outlying. Because of a predominance of study participants of Caucasian origin, stratification by race/ethnicity was not meaningful. Restriction of analyses to Caucasians gave results similar to those from analyses that included all participants. All statistical tests were 2-sided and assumed an a error level of 0.05. Analyses were performed using STATA software, version 10.0 (Stata Corporation, College Station, Texas).
To examine the possible effect of bias, we conducted sensitivity analyses by stratifying by study design factors, including published response rates in cases and controls (tertiles) and source of controls (population vs. hospital). In addition, results were stratified by sex and SES. The pooled analyses were approved by the University of New South Wales Human Research Ethics Committee.
RESULTS
This analysis included data on 13,535 cases and 16,427 controls. Data on both birth order and sibship size were collected in 14 studies (4-6, 10, 12, 21-27); in 4 additional studies (14, (28) (29) (30) , data were available on sibship size only (Table 1) . Demographic characteristics of participants are summarized in Table 2 .
Overall, there was no significant association between increasing birth order and increasing risk of NHL (Table 3) . Among participants whose birth order was fifth or higher, the pooled odds ratio was 1.12 (95% confidence interval: 0.95, 1.32) as compared with those who were firstborn, and the test for trend with increasing birth order was not significant (P-trend ¼ 0.082). The direction of the association was the same for sibship size and was also nonsignificant (P-trend ¼ 0.313). Within individual strata of sibship size, there was no consistent association of NHL risk with increasing birth order (data not shown). Study-specific odds ratios for all birth orders and most sibship sizes were heterogeneous, with the greatest variation being seen at higher birth orders and higher sibship sizes (see Web Figure 1 (http://aje.oxfordjournals.org/) and Table 3 ). A statistically significant positive association with birth order and sibship size was present in Australian and North American studies, but in Europe an association was present only in the Scandinavian study (5) . All of these studies were population-based.
Pooled odds ratios varied by case and control response rate and by study design. Positive associations with birth order and sibship size of 5 or more were confined to studies in the lower 2 tertiles of case response rate (Table 4 ). In contrast, among studies in the top tertile (90%-97%), the directions of the associations were reversed, in that cases were more likely rather than less likely to be firstborn and were less likely to come from large sibships. Similarly, the positive associations in the highest category of birth order and sibship size were confined to studies with the lowest control response rate tertile (Table 5 ). Reported response rates tended to be lower in population-based studies than in hospital-based studies, and positive trends with birth order and sibship size occurred in population-based studies (birth order: P-trend < 0.001; sibship size: P-trend < 0.001) but not in hospital-based studies (birth order: P-trend ¼ 0.391; sibship size: P-trend ¼ 0.118). Because of this overlap, it was impossible to separate the impacts of study design and response rates on the study-specific odds ratios.
There was also variation in the pooled odds ratios when data were examined according to the demographic features of the respondents. When results were stratified by SES, the positive trend with birth order was not found in the lowest tertile, was of borderline significance in the middle tertile, and was significant in the top tertile (Table 6 ). For increasing sibship size, a positive trend was also present only in the top tertile of SES. Positive trends were closer to statistical significance among women (birth order: P-trend ¼ 0.008, sibship size: P-trend ¼ 0.052) than among men (birth order: P-trend ¼ 0.088; sibship size: P-trend ¼ 0.167). a Odds ratios and 95% confidence intervals were computed using a 2-stage random-effects model, adjusted for age (in 5-year intervals), sex, and study center.
The associations with birth order and sibship size were not specific to any particular NHL subtype. Statistically significant positive trends with increasing birth order were found for B-cell NHL overall (P-trend < 0.001) and for follicular NHL (P-trend ¼ 0.001), diffuse large B-cell NHL (P-trend ¼ 0.002), and precursor B-cell NHL (P-trend ¼ 0.025). Trends were also significant for T-cell NHL (P-trend ¼ 0.002) and for the mycosis fungoides subtype (P-trend ¼ 0.039). For increasing sibship size, significant positive trends were seen for B-cell NHL (P-trend < 0.001), follicular NHL (P-trend ¼ 0.012), and B-cell lymphoma not otherwise specified (P-trend ¼ 0.004) and were of borderline significance for diffuse large-cell NHL (P-trend ¼ 0.062). However, the majority of lymphoma subtypes, including the category of NHL not otherwise specified, were not associated with either birth order or sibship size.
There was no association with number of younger siblings, age difference with the nearest older or younger sibling, or sharing a bed or bedroom as a child (data not shown).
DISCUSSION
In this large pooled analysis of data from case-control studies, we found no significant association between birth order and sibship size and risk of NHL overall. However, significant positive associations were present for a number of B-and T-cell lymphoma subtypes. Substantial heterogeneity in study-specific risks was observed, which may reflect variations in the association by response rate, study population, and/or SES. The positive associations were confined to population-based studies, which had lower response rates in cases and controls, and were absent in hospital-based studies, which had higher response rates. After stratifying results by SES, the positive associations were present among persons of upper SES but not those of lower SES. The fact that the birth order association was confined to studies with lower response rates and to upper-SES participants and was not specific to particular B-or T-cell subtypes suggests that the previously reported positive association of NHL risk with birth order and sibship size in case-control studies may have been due to selection bias mediated by SES.
Selection bias may have arisen because of differential response rates by SES. In almost all developed countries, lower SES is strongly associated with a higher total fertility rate, and therefore with birth order of the offspring (31-33). Although we did not have data on parental SES, the SES of parents correlates strongly with that of their children (34) , so participant SES is likely to be correlated with the participant's own birth order. Among controls in this study, increasing participant SES was strongly inversely correlated with the participant's own birth order (P < 0.001). Low No. of studies 6 6 6 Abbreviations: CI, confidence interval; OR, odds ratio. a Odds ratios and 95% confidence intervals were computed using a 2-stage random-effects model, adjusted for age (in 5-year intervals), sex, and study center.
response rates increase the probability of selection bias. Thus, our finding that the positive association with birth order was confined to those studies with lower response rates is consistent with the association's being due to selection bias. However, low response rates do not in themselves cause selection bias (35) . Selection bias arises only if participation differs between exposed (or nonexposed) cases and exposed (or nonexposed) controls. A SES-related selection bias leading to a positive association between NHL risk and birth order can arise in 2 main ways. First, among controls, it can arise if the participation rate is higher among persons with a low birth order. Second, among cases, it can arise if the participation rate is higher among persons of high birth order. Because SES and birth order are correlated, this equates to a higher participation rate among high-SES controls than among low-SES controls or a higher participation rate among low-SES cases than among high-SES cases.
There is consistent evidence that in population-based case-control studies, the response rate is higher in high-SES controls than in low-SES controls. This has been shown for controls recruited through a variety of methods, including random digit dialing (36) (37) (38) , contact with their general practitioners (39, 40) , and letter or telephone after random selection from health insurance (41) , electoral (42) , or census (43) rolls. This selection bias would tend to generate a positive association between birth order and disease risk.
However, this does not explain why the effect of birth order was most prominent in the high-SES stratum (Table 6) , in which response rates are likely to be higher.
Since response rates are generally substantially lower in controls than in cases in population-based studies, there is less potential for selection bias to arise from factors associated with case selection. In case-control studies of cancer, the reasons for case nonparticipation are clearly different from the reasons for control nonparticipation. The most common reasons include having died of cancer prior to interview or being too ill to participate (11) . In a populationbased Italian case-control study of cancer, Richiardi et al. (43) reported that nonparticipating cases were of high SES rather than low SES, and they hypothesized that this may have been because more educated and wealthy subjects retained more independence when hospitalized for a serious disease. However, other cancer case-control studies have identified a pattern similar to that of controls, with higher participation among cases of higher SES (38, 44, 45) .
In addition to selection bias, there is at least 1 alternative explanation for the lack of an association between birth order and NHL risk in studies with the highest response rates included in our analysis. Most (but not all) of the studies with high response rates, particularly among controls, were hospital-based case-control studies. Even when response rates are high, studies of this design are prone to different No. of studies 6 6 6 Abbreviations: CI, confidence interval; OR, odds ratio. a Odds ratios and 95% confidence intervals were computed using a 2-stage random-effects model, adjusted for age (in 5-year intervals), sex, and study center.
selection biases (46) . For example, if all patients with NHL are treated in a hospital but low SES predicts hospital attendance for other common conditions such as trauma or cardiovascular disease, then low-SES (high birth order) people may be overrepresented among hospital-based controls. Among hospital-based studies in our data set, birth order was not associated with NHL risk. Among population-based studies, which are generally regarded as methodologically superior to hospital-based studies, there was a significant association. However, because these were also the studies with the lowest response rates, it was not possible to conclude that this positive association was likely to reflect a causal association. Even among population-based studies, the positive association between birth order and NHL varied by case and control response rates (data not shown).
If the birth order association is due to selection bias, a similar effect is likely to occur in case-control studies of birth order as a risk factor for other diseases. Birth order has been studied in some detail as a risk factor for Hodgkin lymphoma. Investigators in population-based cohort studies (3, 47) and case-control studies with low refusal rates (9, (48) (49) (50) are consistent in reporting that increasing birth order and/or sibship size is associated with decreasing Hodgkin lymphoma risk, especially the young adult type. However, in some recent case-control studies which had lower response rates in controls, researchers reported no association with low birth order or other markers of higher SES (51) (52) (53) . One possibility for the lack of association is a temporal change in early-life child-care arrangements, resulting in increased early-life exposure to infection that mutes the effect of birth order. Alternatively, in 1 of these studies, Glaser et al. (54) reported that the absence of an effect was probably related to a combination of the low response rate in controls and the fact that controls who participated were of higher SES than those who did not participate. This is consistent with the form and direction of selection bias which may have occurred in NHL research: The difference is that for Hodgkin lymphoma, selection bias has sometimes obscured a true inverse relation with birth order, whereas for NHL it may have created the impression of a positive relation. For other types of cancer, birth order has been less intensively studied, although patterns of increased and decreased risk have been described for certain cancer sites in cohort studies, perhaps reflecting the effect of SES on cancer risk (55) .
In case-control studies that have observed an association of NHL risk with increasing birth order, researchers have interpreted the finding as suggesting that the immunologic consequences of early infection may be responsible for increased NHL risk in persons of late birth order (4, 6, 7) . Our finding of no significant association between NHL risk and birth order does not rule out an effect of early life environment, but it does suggest that such an effect, if present, is unlikely to be reliably mediated by birth order. Abbreviations: CI, confidence interval; OR, odds ratio. a Socioeconomic status groups in each study were based on the tertile distribution of years of education (11 studies) or area-based deprivation levels obtained from census data (11) .
b Odds ratios and 95% confidence intervals were computed using a 2-stage random-effects model, with adjustment for age (in 5-year intervals), sex, and study center.
The large size of this pooled analysis using individual data allowed stratification by study design and participant demographic characteristics, thus enabling exploration of factors related to the weak association observed for some NHL subtypes. In previous InterLymph pooled analyses we have carried out, for atopic diseases and for autoimmune disorders, there was very little difference in the pattern or significance of results when we stratified results by these design features or demographic variables (56, 57) . A possible reason for the heterogeneity of the findings we have demonstrated for birth order is that the infection-related consequences of birth order are highly variable among the countries in which these studies were conducted. In terms of selection bias, unfortunately investigators in most of the participating studies did not collect data on nonresponders to allow direct investigation of the hypothesis presented here. However, in 1 population-based study, Mensah et al. (11) investigated nonresponse and reported that both the participating cases and controls were of higher-than-expected SES. Shen et al. (37) reported varying results on participation rate by SES according to individual study center. When response rates are substantially lower in controls than in cases, higher participation rates in persons of higher SES will lead to selection bias, causing an association between increasing birth order and NHL risk, as we have hypothesized may be the case. Because of variations in how investigators in participating studies reported nonresponse, it is likely that there was some misclassification of true nonresponse rates. The absence of universally accepted criteria for reporting response rates (58) and a lack of consistency between studies in recording of details of nonresponse precluded any recalculation of standardized response rates in this pooled analysis.
In summary, we did not find a significant overall association between birth order or sibship size and risk of NHL in this large pooled analysis. However, a positive association was found in population-based studies and among people in the highest SES stratum. Sensitivity analyses by study design factors and participant characteristics, a strength of pooled analyses, suggested that a likely explanation for the weak positive association between birth order and NHL risk reported in some case-control studies may be selection bias. The fact that low-SES controls in this pooled analysis were more likely to be of high birth order and were less likely to participate may have generated a weak positive association between NHL risk and birth order. More generally, our results show that because of the close association between birth order and SES and between SES and subject nonresponse, case-control studies of birth order as a risk factor for disease will only be valid if the response rate is very high in both cases and controls and if other sources of selection bias related to SES are eliminated. Confounding or selection bias due to SES should be ruled out in all studies which have identified birth order as a risk factor for disease. The association is best explored in population-based case-control studies with high response rates, or in large prospective or retrospective cohort studies that utilize linked cancer and birth registry records.
